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INTRODUCTION 


Despite marked advances in stress research, confusion as to what stress is contin- 
ues in the 1990s. Thus, it may be of benefit to briefly mention the definitions of 
four key concepts related to stress: those of homeostasis, stressor, stress, and 
adaptive response.' Life exists by maintaining a complex dynamic equilibrium, or 
homeostasis, that is constantly challenged by intrinsic or extrinsic adverse forces or 
stressors. Stress is, thus, defined as a state of threatened homeostasis, which is 
reestablished by a complex repertoire of physiologic and behavioral adaptive responses 
of the organism. The adaptive responses may be inadequate for the reestablish- 
ment of homeostasis or excessive and prolonged; in either case a healthy steady 
state is not attained, and pathology may ensue. With these straightforward defin- 
itions, the frequently interchangable use of the terms stress, stressor, and adaptive 
response will hopefully be avoided. 

This review focuses on the neuroendocrine infrastructure of the adaptive 
response to stress and on its concerted effects on behavior, the major endocrine 
axes, and the gastrointestinal and immune systems. It also discusses the altered 
regulation or dysregulation of the adaptive responses in various physiologic and 
pathophysiologic states. These may influence the growth and development of an 
individual and may define the vulnerability of this individual to endocrine/meta- 
bolic/cardiovascular, psychiatric, or immunological disease, with their negative 
short- or long-term behavioral or physical sequelae. To avoid extensive referencing, 
several review articles containing many of the original references are included. 


STRESS SYNDROME—PHENOMENOLOGY 


The stress response is subserved by the stress system located in both the central 
nervous system (CNS) and the periphery.’ This system receives and integrates a great 
diversity of neurosensory (higher cortical, limbic, visual, auditory, olfactory, gusta- 
tory, somatosensory, nociceptive, visceral) and blood-borne signals (blood composi- 
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tion signals, hormones, cytokines, other mediators) that arrive through distinct path- 
ways. Activation of the stress system leads to a cluster of time-limited behavioral and 
physical changes that are remarkably consistent in their qualitative presentation and 
collectively called the general adaptation or stress syndrome (TABLE 1). These changes are 
normally adaptive and improve the chances of the individual for survival. 
Components of the stress syndrome are stimulated in a stressor-specific fashion; 
however, as the potency of the stressor increases, the specificity of the response 
decreases to eventually produce the relatively “nonspecific” stress syndrome. 

Behavioral adaptation includes increased arousal, alertness and vigilance, 
improved cognition, and focused attention, as well as euphoria or dysphoria, 
depending on the stressor and the memory of the organism. It also includes 
enhanced analgesia and elevations in core temperature, along with concurrent 
inhibition of vegetative functions, such as appetite, feeding, and reproductive 
function. Concomitantly, physical adaptation changes take place to principally 
promote an adaptive redirection of energy. Thus, oxygen and nutrients are 
shunted to the CNS and the stressed body site(s), where they are needed the most. 
Increases in cardiovascular tone (heart rate, cardiac ejection fraction, arterial blood 
pressure), respiratory rate, and intermediate metabolism (gluconeogenesis, lipol- 
ysis) all work in concert to promote availability of vital substrates. Detoxification 
functions to rid the organism of unnecessary metabolic products from the stress- 
related changes in metabolism are activated, while digestive function and growth, 
reproduction, and immunity are inhibited. 

The organism also activates restraining forces during stress, which prevent an 
overresponse from both central and peripheral components the stress system. These 
forces are essential for successful adaptation. If they fail to contain the various ele- 
ments of the stress response, the “adaptive” changes may turn excessive, prolonged, 
and maladaptive and may, thus, contribute to development of pathology. 

Often stress is of a magnitude and nature that allows a perception of control by 
the individual. As such, stress can be pleasant and rewarding. The seeking of nov- 
elty stress by an individual is related to the above phenomenon and is pivotal for 
emotional and intellectual growth and development. It is of note that activation of 


TABLE 1. Behavioral and Physical Adaptation during Acute Stress’ 


Behavioral Adaptation Physical Adaptation 
Adaptive Redirection of Behavior Adaptive Redirection of Energy 
Increased arousal and alertness Oxygen and nutrients directed to the 
CNS and stressed body site(s) 
Increased cognition, vigilance, and Altered cardiovascular tone, increased 
focused attention blood pressure and heart rate 
Euphoria or dysphoria Increased respiratory rate 
Suppression of appetite and feeding behavior Increased gluconeogenesis and lipolysis 
Suppression of reproductive behavior Detoxification from endogenous or 
exogenous toxic products 
Containment of the stress response Inhibition of growth and reproductive 
systems 


Inhibition of digestion-stimulation of 
colonic motility 

Containment of the 
inflammatoryr/immmune response 

Containment of the stress response 


“Adapted from Chrousos and Gold. 
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the stress system occurs during both feeding and sexual activity, sine qua non func- 
tions for survival of self and species. 


STRESS SYNDROME—PHYSIOLOGY “THE STRESS SYSTEM” 


The central components of the stress system are located in the hypothalamus 
and the brainstem and include the parvocellular corticotropin-releasing hormone 
(CRH) and arginine-vasopressin (AVP) neurons of the paraventricular nuclei 
(PVN) of the hypothalamus and the CRH neurons of the paragigantocellular and 
parabranchial nuclei of the medulla, as well as the locus ceruleus (LC) and other 
mostly noradrenergic (NE) cell groups of the medulla and pons (LC/NE-sympa- 
thetic system), referred to henceforth as the LC/NE system.’ The peripheral limbs 
of the stress system are the hypothalamic—pituitary—adrenal (HPA) axis, together 
with the efferent sympathetic/adrenomedullary system, and components of the 
parasympathetic system. 


CRH/AVP/Catecholaminergic Neurons 


CRH, a 41 amino acid peptide, is the principal hypothalamic regulator of the 
pituitary—adrenal axis. The availability of synthetic CRH and peptidic CRH antag- 
onists have allowed major advances in the investigation of stress.” Thus, CRH and 
CRH receptors were found in many extrahypothalamic sites of the brain, includ- 
ing parts of the limbic system, the basal forebrain, and the LC/NE system in the 
brainstem and spinal cord. In addition, intracerebroventricular administration of 
CRH was shown to set into motion a coordinated array of behavioral and periph- 
eral responses, which included characteristic stress behaviors and activation of the 
pituitary—adrenal axis and the sympathetic nervous system. CRH, therefore, was 
found to have a broader role in coordinating the stress response than had been 
suspected previously. In fact, this neuropeptide fully reproduced the phenome- 
nology of the stress response summarized in TABLE 1. 

The central neurochemical circuitry responsible for activation of the stress sys- 
tem has been extensively studied and is summarized in FicurE 1.”° There are 
apparently multiple sites of interaction among the various components of the 
stress system. Reciprocal reverberatory neural connections exist between the PVN 
CRH and brainstem noradrenergic neurons of the central stress system, with CRH 
and norepinephrine stimulating each other, the latter primarily through o,-nora- 
drenergic receptors. Autoregulatory ultrashort negative-feedback loops are also 
present in both the PVN CRH and brainstem nonadrenergic neurons, with collat- 
eral fibers inhibiting CRH and catecholamine secretion, respectively, via presy- 
naptic CRH and «,-noradrenergic receptors. Both the CRH and catecholaminergic 
neurons also receive stimulatory innervation from the serotonergic and choliner- 
gic systems and inhibitory input from the y-aminobutyric acid (GABA)/benzodi- 
azepine (BZD) and the opioid peptide neuronal systems of the brain, as well as by 
the end product of the HPA axis, glucocorticoids. 

The secretion of CRH, a major anorexiogenic peptide, is stimulated by neu- 
ropeptide Y (NPY), the most potent orexiogenic factor known, which simultane- 
ously inhibits the LC/NE-sympathetic system.” This may be of particular 
relevance to changes in stress system activity in states of dysregulation of food 
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FIGURE 1. A simplified representation of the central and peripheral components of the 
stress system, their functional interrelations, and their relations to other central systems 
involved in the stress response. CRH, corticotropin-releasing hormone; LC/NE Symp. 
Syst., locus ceruleus/norepinephrine-sympathetic system; POMC, proopiomelanocortin; 
AVP, arginine vasopressin; GABA, y-aminobutyric acid; BZD, benzodiazepine; ACTH, cor- 
ticotropin; NPY, neuropeptide Y; SP, substance P. Activation is represented by solid lines, and 
inhibition by dashed lines. (Adapted from Chrousos and Gold.) 


intake, including malnutrition, anorexia nervosa, and obesity. Interestingly, glu- 
cocorticoids stimulate hypothalamic NPY gene expression while they inhibit both 
the PVN CRH and LC/NE-sympathetic systems. The recently discovered leptin, 
an adipose tissue—derived hormone, exerts some of its effects on ingestive behav- 
ior and energy consumption via inhibition of NPY; the overall effect of leptin on 
CRH is to inhibit its secretion.* 


CHROUSOS: THE ADAPTIVE RESPONSE 315 


Substance P (SP) has actions reciprocal to those of NPY, since it inhibits the 
PVN CRH neuron, while it activates the LC/NE system.’ Presumably, substance 
P is elevated centrally, when there is peripheral activation of somatic afferent 
fibers and may, thus, have relevance to changes in the stress system activity in 
chronic inflammatory or painful states. 

A subset of PVN parvocellular neurons synthesize and secrete both CRH and 
AVP, while another subset secretes AVP only.’ The relative proportion of the sub- 
set that secretes both neuropeptides increases significantly during stress. The ter- 
minals of the parvocellular PVN CRH and AVP neurons project to different sites, 
including the noradrenergic neurons of the brainstem and the hypophysial portal 
system in the median eminence. PVN CRH and AVP neurons also send projec- 
tions to and activate POMC-containing neurons in the arcuate nucleus of the 
hypothalamus, which in turn reciprocally project to the PVN CRH and AVP neu- 
rons, innervate LC/NE neurons of the central stress system in the brainstem, and 
terminate on pain control neurons of the hind brain and spinal cord. 


The Hypothalamic—Pituitary—Adrenal Axis 


CRH, released into the hypophyseal portal system, is the principal regulator of 
anterior pituitary corticotroph ACTH secretion.” It is permissive for secretion of 
ACTH, while AVP, though a potent synergistic factor of CRH, has very little 
ACTH secretagogue activity by itself. Further, it appears that there is a reciprocal 
positive interaction between CRH and AVP at the level of the hypothalamus with 
each neuropeptide stimulating the secretion of the other. 

In nonstressful situations, both CRH and AVP are secreted in the portal system 
in a circadian and highly concordant pulsatile fashion.’ The amplitude of the CRH 
and AVP pulses increase in the early morning hours, resulting eventually in 
increases of both the amplitude and apparent frequency of ACTH and cortisol 
secretory bursts in the general circulation. The circadian release of CRH, AVP, 
ACTH, and cortisol in their characteristic pulsatile manner appears to be con- 
trolled by one or more pacemakers, whose location is not yet known in humans. 
These diurnal variations are perturbed by changes in lighting, feeding schedules, 
and activity and are disrupted when a stressor is imposed. 

During acute stress, the amplitude and synchronization of the PVN CRH and 
AVP pulsations in the hypophysial portal system increases.° Also, with strong 
physical stress, especially that associated with hypotension or a decrease of blood 
volume, recruitment of AVP of magnocellular neuron origin secreted into both the 
hypophyseal portal system via collateral neuraxons and into the systemic circula- 
tion takes place. Depending on the type of stress, other factors such as angiotensin 
II, as well as various cytokines and lipid mediators of inflammation are secreted 
and act on hypothalamic, pituitary, and/or adrenal components of the HPA axis 
mostly to potentiate its activity. 

The adrenal cortex is the principal target organ of pituitary-derived circulating 
ACTH.’ The latter is the key regulator of glucocorticoid and adrenal androgen 
secretion by the zonae fasciculata and reticularis, respectively, although it also par- 
ticipates in the control of aldosterone secretion by the zona glomerulosa. However, 
there is evidence that other hormones and/or cytokines, either originating from 
the adrenal medulla or coming from the systemic circulation, and/or neuronal 
information from the autonomic nerves of the adrenal cortex, may also participate 
in the regulation of cortisol secretion and the size of the adrenal cortexes. 
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Glucocorticoids are the final effectors of the HPA axis.®*” These hormones are 
pleiotropic and exert their effects through their ubiquitously distributed intracel- 
lular receptors. The nonactivated glucocorticoid receptor resides in the cytosol in 
the form of a heterooligomer with heat-shock proteins and immunophilins. Upon 
ligand binding, the glucocorticoid receptors dissociate from the rest of the het- 
erooligomer and translocate into the nucleus, where they interact as homodimers 
with specific glucocorticoid-responsive elements (GREs) within the DNA to trans- 
activate appropriate hormone-responsive genes. The activated receptors also 
inhibit, by protein-protein interactions, several transcription factors, such as c- 
jun/c-fos and NF-«B, which are positive regulators of the transcription of several 
genes involved in the activation of function and growth of nonimmune and 
immune cells. They also change the stability of mRNAs and, hence, the translation 
rates of several glucocorticoid-responsive proteins. Furthermore, glucocorticoids 
influence the secretion rates of specific proteins and alter the electrical potential of 
neuronal cells, through mechanisms that have not yet been elucidated. 

The glucocorticoid sensitivity of target tissues is defined not only by the glu- 
cocorticoid receptor but also by other molecules that participate in the glucocorti- 
coid signal transduction pathway: these include the heat-shock proteins, several 
transcription coregulator molecules, and other transcription factors.’ 

Glucocorticoids play a key regulatory role on the basal control of HPA axis 
activity and on the termination of the stress response by acting on extrahypothal- 
amic regulatory centers, such as the hippocampus and frontal cortex, the hypo- 
thalamus, and the pituitary gland.”° The inhibitory glucocorticoid feedback on the 
ACTH secretory response acts to limit the duration of the total tissue exposure to 
glucocorticoids, thus minimizing the catabolic, lipogenic, antireproductive, and 
immunosuppressive effects of these hormones. Interestingly, a dual receptor sys- 
tem exists for glucocorticoids in the central nervous system, including the gluco- 
corticoid receptor type I, or mineralocorticoid receptor, which responds positively 
to low levels of glucocorticoids, and the classic glucocorticoid receptor (type II), 
which responds to both basal and stress levels. The latter participates in the neg- 
ative feedback control of the HPA axis via activation of an afferent GABAergic 
pathway to the PVN. 


The LC/NE Systemic/Adrenomedullary and Parasympathetic Systems 


The autonomic nervous system responds rapidly to stressors and controls a 
wide range of functions.’ Cardiovascular, respiratory, gastrointestinal, renal, 
endocrine and other systems are regulated by the sympathetic nervous system, 
the parasympathetic system, or both. Generally, the parasympathetic system can 
both assist sympathetic functions by withdrawing and antagonize them by 
increasing its activity. 

Sympathetic innervation of peripheral organs is derived from the efferent pre- 
ganglionic fibers, whose cell bodies lie in the intermediolateral column of the 
spinal cord. These nerves synapse in the bilateral chain of sympathetic ganglia 
with postganglionic sympathetic neurons that widely innervate the smooth mus- 
cle of the vasculature, heart, skeletal muscles, kidney, gut, fat, and many other 
organs. The preganglionic neurons are primarily cholinergic, whereas the post- 
ganglionic neurons are mostly noradrenergic. The sympathetic system through 
the adrenal medulla also has a humoral contribution because it provides all of the 
circulating epinephrine and some of the norepinephrine. 
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In addition to the “classic” neurotransmitters acetylcholine and norepineph- 
rine, both sympathetic and parasympathetic subdivisions of the autonomic ner- 
vous system include several subpopulations of target-selective and 
neurochemically coded neurons that express a variety of neuropeptides and, in 
some cases, adenosine triphosphate (ATP), nitric oxide, or lipid mediators of 
inflammation. Thus, CRH, NPY, and somatostatin are found in postganglionic 
noradrenergic vasoconstrictive neurons. Transmission in sympathetic ganglia is 
also modulated by neuropeptides released from preganglionic fibers and short 
interneurons, as well as by primary afferent nerve collaterals. 


STRESS SYSTEM INTERACTIONS WITH OTHER CNS COMPONENTS 


In addition to setting the level of arousal and influencing the vital signs, the 
stress system also interacts with other major CNS elements, including the meso- 
corticolimbic dopaminergic system, the amygdala, the hippocampus, and the 
arcuate nucleus proopiomelanocortin (POMC) neuronal system.’ All are acti- 
vated during stress and, in turn, influence the activity of the stress system. In 
addition, the stress system interacts with the thermoregulatory and appetite-sati- 
ety centers of the CNS. 


The Mesocorticolimbic System 


Both the mesocortical and mesolimbic components of the dopaminergic system 
are innervated and activated by the LC/NE and PVN CRH systems and by glu- 
cocorticoids during stress. The mesocortical system, which includes dopaminergic 
neurons of the ventral tegmentum that send projections to the prefrontal cortex, is 
thought to be involved in anticipatory phenomena and cognitive functions and to 
exert a suppressive effect on the stress system. The mesolimbic system, which also 
consists of dopaminergic neurons also of the ventral tegmentum that innervate 
the nucleus accumbens, is believed to play a principal role in motivational /rein- 
forcement/reward phenomena. Euphoria or dysphoria are presumably mediated 
by the mesocorticolimbic system, which is also the target of several substances of 
abuse, such as cocaine. 


The Amygdala and Hippocampus 


The amygdala is activated during stress primarily by ascending catecholamin- 
ergic neurons originating in the brainstem or by inner emotional stressors possi- 
bly generated in cortical association areas.*’ Activation of the amygdala is 
important for retrieval and emotional analysis of relevant information for any 
given stressor. In response to emotional stressors, the amygdala can directly stim- 
ulate both central components of the stress system, as well as influence the activ- 
ity of the mesocorticolimbic dopaminergic system, possibly in a lateralized 
fashion. Interestingly, there are CRH peptidergic neurons in the central nucleus of 
the amygdala, which respond positively to glucocorticoids and whose activation 
leads to anxiety, fear, and stimulation of the stress system. The hippocampi exert 
an important, mostly inhibitory influence on the activity of the amygdala, as well 
as of the PVN CRH and LC/NE systems. 
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FIGURE 2A. Interactions between the HPA axis and the reproductive system. GnRH, 
gonadotropin-releasing hormone; LH, luteinzing hormone; FSH, follicle stimulating hor- 
mone. (Adapted from Chrousos and Gold.) 


The POMC Neuronal System—Analgesia 


PVN CRH/AVP-producing and LC/NE-noradrenergic neurons reciprocally 
innnervate and are innervated by opioid peptide (POMC-producing) neurons of 
the arcuate nucleus of the hypothalamus.**” Activation of the stress system stim- 
ulates hypothalamic POMC peptide secretion, which reciprocally inhibits the 
activity of both central components of the stress system and in addition, through 
projections to the hindbrain and spinal cord, produces analgesia. POMC peptides 
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also stimulate the mesocorticolimbic system and hence may produce euphoria 
and dependence. 


Temperature Regulation 


Activation of the PVN CRH/AVP and LC/NE systems elevate core tempera- 
ture. Both noradrenaline and CRH given intracerebroventricularly can cause core 
temperature increases, possibly through prostanoid-mediated actions on the sep- 
tal and hypothalamic temperature-regulating centers. CRH has also been shown 
to mediate to some extent the pyrogenic effects of the inflammatory cytokines 
tumor necrosis factor-a (TNFa), interleukin-1 (IL-1), and interleukin-6 (IL-6), all 
of which can be stimulated by lipopolysaccharide, an exogenous pyrogen. 


Appetite Regulation 


The appetite/satiety centers in the hypothalamus are influenced by stress. 
Acutely, CRH causes anorexia, whereas NPY, which is orexiogenic, stimulates 
CRH secretion, probably to counteregulate its own actions. Interestingly, at the 
same time, NPY inhibits the LC/NE system and activates the parasympathetic 
system, actions that help with digestion and storage of nutrients. Leptin inhibits 
NPY and, hence, suppresses appetite and activates the LC/NE system, and, 
hence, increases peripheral energy expenditures.* Leptin also inhibits the 
PVN/CRH neuron system and other components of the HPA axis. 


STRESS SYSTEM—INTERACTIONS WITH MAJOR ENDOCRINE AXES 
The Reproductive Axis 


The reproductive axis is inhibited at all levels by various components of the 
HPA axis’ (Fic. 2A). Thus, either directly or via arcuate POMC neuron B- 
endorphin, CRH suppresses the gonadotropin-releasing hormone (GnRH) neu- 
rons of the arcuate and preoptic nuclei. Glucocorticoids, on the other hand, exert 
inhibitory effects at the levels of the GnRH neuron, the pituitary gonadotroph, 
influencing primarily the secretion of LH, and the gonads themselves, and render 
target tissues of sex steroids resistant to these hormones. During inflammatory 
stress, the inflammatory cytokines also suppress reproductive function at several 
levels. These effects are exerted both directly and by activating hypothalamic 
neural circuits that secrete CRH and POMC-derived peptides as well as by periph- 
eral elevations of glucocorticoids.* 

Suppression of gonadal function caused by chronic HPA activation has been 
demonstrated in highly trained runners of both sexes and ballet dancers as well as 
in individuals suffering from anorexia nervosa or starvation.”** These subjects have 
increased evening plasma cortisol and ACTH levels, increased urinary free cortisol 
excretion, and blunted ACTH responses to exogenous CRH; males have low 
luteinizing hormone (LH) and testosterone levels, and females have hypogo- 
nadotrophic hypogonadism and amenorrhea. Characteristically, obligate athletes go 
through withdrawal symptoms and signs if, for any reason, they have to discontinue 
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their exercise routine. This syndrome is possibly the result of withdrawal from the 
daily exercise-induced secretion of POMC-derived peptides and mesocorticolim- 
bic system dopamine. 

The interaction between CRH and the reproductive axis appears to be bidirec- 
tional. The presence of estrogen responsive elements in the promoter area of the 
CRH gene and direct stimulatory estrogen effects on CRH gene expression were 
recently shown.’ This finding implicates the CRH gene and, therefore, the HPA 
axis, as a potentially important target of gonadal steroids and a potential media- 
tor of gender related differences in the stress response and HPA axis activity.'°" 


Growth Axis 


The growth axis is also inhibited at many levels during stress*’ (Fic. 2B). 
Prolonged activation of the HPA axis leads to suppression of growth hormone 
secretion and inhibition of somatomedin C and other growth factor effects on 
their target tissues by glucocorticoids, the latter possibly through inhibition of the 
c-jun/c-fos heterodimer by the ligand-bound glucocorticoid receptor.°” However, 
acute elevations of growth hormone concentration in plasma may occur at the 
onset of the stress response or after acute administration of glucocorticoids, pre- 
sumably through stimulation of the GH gene by glucocorticoids through GREs in 
its promoter region. In addition to the direct effects of glucocorticoids, which are 
pivotal in the suppression of growth observed in prolonged stress, increases in 
somatostatin secretion caused by CRH, with resultant inhibition of growth hor- 
mone secretion, have also been implicated as a potential mechanism of stress- 
related suppression of growth hormone secretion. 

In several stress system—related mood disorders with a hyperactive HPA axis, 
such as chronic anxiety or melancholic depression, GH and/or insulin-like growth 
factor-1 (IGF-1) levels are significantly decreased.” Patients with panic disorder, 
compared to normal control subjects, have blunted GH responses to intravenously 
administered clonidine, and children with anxiety disorders might not attain their 
final height potential. In melancholic depression, not only is GH secretion 
decreased, but also the dexamethasone-induced GH increase is blunted. 


Thyroid Axis 


A corollary phenomenon to growth axis suppression is the stress-related inhi- 
bition of thyroid axis function’ (Fic. 2B). Activation of the HPA axis is associated 
with decreased production of thyroid-stimulating hormone and inhibition of con- 
version of the relatively inactive thyroxine to the more biologically active tri- 
iodothyronine in peripheral tissues (the “euthyroid sick” syndrome). Both 
changes may be caused by the increased levels of glucocorticoids and apparently 
serve to conserve energy during stress. Inhibition of thyrotropin-releasing hor- 
mone and thyroid-stimulating hormone secretion by CRH-stimulated increases in 
somatostatin might also participate in the central component of thyroid axis sup- 
pression during stress. In the case of inflammatory stress, inhibition of TSH secre- 
tion, and blockade of peripheral 5’-deiodinase may be in part through direct 
action of inflammatory cytokines on the hypothalamic—pituitary unit and/or the 
peripheral tissues. 
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FIGURE 2B. Interactions of the HPA axis with the growth and thyroid axes. GHRH, 
growth hormone-releasing hormone; STS, somatostatin; TRH, thyrotropin releasing hor- 
mone; GH, growth hormone; TSH, thyroid-stimulating hormone; T,, thyroxine; T;, tri- 
iodothyronine; SmC, somatomedin C. (Adapted from Chrousos and Gold.) 


Metabolic Axis 


Glucocorticoids not only have profound inhibitory effects on GH and gonadal 
steroid production, but also antagonize the actions of these hormones on fat tis- 
sue catabolism (lipolysis), and muscle and bone anabolism’ (Fic. 2C). Thus, 
chronic activation of the stress system would be expected to increase visceral adi- 
posity, decrease lean body (bone and muscle) mass, and suppress osteoblastic 
activity. Interestingly, the phenotype of central obesity and decreased lean body 
mass is shared by patients with Cushing’s syndrome and some patients with the 
combined diagnosis of melancholic depression or chronic anxiety disorder and 
the metabolic syndrome X (visceral obesity, insulin resistance, dyslipidemia, 
hypertension) or “pseudo-Cushing syndrome.” 

Because increased gluconeogenesis is a characteristic feature of the stress 
response and glucocorticoids induce insulin resistance, activation of the HPA axis 
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FIGURE 2C. Detrimental effects of chronic stress on adipose tissue metabolism and bone 
mass, SMS, somatostatin; GH, growth hormone. Stimulation is represented by solid lines 
and inhibition by dashed lines. (Adapted from Tsigos and Chrousos.) 


may contribute to the poor control of diabetic patients during periods of emo- 
tional stress, or concurrently with inflammatory and other diseases. Indeed, mild, 
chronic activation of the HPA axis was recently demonstrated in diabetic patients 
under moderate or poor glycemic control. Glucocorticoid-induced, progressively 
increasing visceral adiposity directly causes further insulin resistance and deteri- 
oration of glycemic control of patients with diabetes mellitus. Thus, chronic acti- 
vation of the stress system in this disorder participates in a vicious cycle of 
increasing hyperglycemia, hypercholesterolemia, and insulin needs. 


STRESS SYSTEM AND GASTROINTESTINAL FUNCTION 


An increasing body of evidence suggests that CRH is involved in the central 
mechanisms by which stress influences gastrointestinal function (Fic. 3). Thus, 
PVN CRH induces both inhibition of gastric acid secretion and emptying and stim- 
ulation of colonic motor function, independently of the associated stimulation of 
the HPA axis.* This is via inhibition of the vagus nerve and ensuing selective 
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inhibition of gastric motility, and via stimulation—through the LC/NE system—of 
the sacral parasympathetic system, with ensuing selective stimulation of colonic 
motility. Thus, CRH may be implicated in mediating the gastric stasis that results 
from the stress of surgery. CRH may also be implicated in the stress-induced 
colonic hypermotility of patients with the irritable bowel syndrome. Colonic con- 
traction and pain in these patients may further activate LC/NE system neurons, 
thus forming a chronic, stress-sustained vicious cycle. 


STRESS SYSTEM-IMMUNE SYSTEM INTERACTIONS 
Effects of the Immunel/Inflammatory Reaction on the Stress System 


The immune system exerts its surveillance-defense function constantly and 
mostly unconsciously for the individual. For several decades, it has been known 
that immune/inflammatory insults in the form of an infectious agent, an active 
autoimmune inflammatory process, or an accidental or operative trauma are asso- 
ciated with activation of the HPA axis. More, recently it also became apparent that 
cytokines and other humoral mediators of inflammation are potent activators of 
central stress-responsive neurotransmitter systems, constituting the afferent limb 
of a feedback loop from the immune/inflammatory system to the central nervous 
system’ (Fic. 4). This way, the peripheral immunologic apparatus signals the brain 
to participate in maintaining “immunologic homeostasis.” 

The three “inflammatory cytokines” TNF-a, IL-1, and IL-6, produced in tan- 
dem at inflammatory sites and elsewhere in a cascade-like fashion, can cause stim- 
ulation of the HPA axis at all three levels in vivo, alone, or in synergy with each 
other.» This can be blocked significantly with CRH-neutralizing antibodies, 
prostanoid synthesis inhibitors, and glucocorticoids. In addition, all three 
cytokines directly stimulate hypothalamic CRH secretion in vitro, an action also 
suppressed by glucocorticoids and prostanoid synthesis inhibitors. 

There is evidence to suggest that IL-6, the main endocrine cytokine, plays a pri- 
mary role in the immune stimulation of the human HPA axis. Thus, in man, IL-6 
is an extremely potent activator of the axis, importantly without the vascular leak- 
promoting and hypotensive side-effects of the other two inflammatory 
cytokines."*”” The elevations of ACTH and cortisol attained by IL-6 are well above 
those observed with maximal stimulatory doses of CRH, suggesting that parvo- 
cellular AVP and other ACTH secretagogues are also recruited by this cytokine. 
At high doses, IL-6 stimulates peripheral elevations of AVP, presumably as a result 
of a stimulatory effect on magnocellular AVP-secreting neurons." This suggests 
that IL-6 may be involved in the genesis of the syndrome of inappropriate antidi- 
uretic hormone secretion (SIADH), which is observed during the course of infec- 
tious/inflammatory disease or during trauma. 

The route of access of the inflammatory cytokines to the central CRH and AVP- 
secreting neurons is not clear, given that the cellular bodies of both are protected 
by the blood-brain barrier.’ It has been suggested that they may act on nerve ter- 
minals of these neurons at the median eminence through the fenestrated endothe- 
lia of this circumventricular organ. Other possibilities include stimulation of 
intermediate neurons located in the organum vasculosum of the lamina termi- 
nalis, another circumventricular organ. In addition, crossing the blood-brain bar- 
rier with the help of a specific transport system has not been excluded. Also, and 
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FIGURE 3. Effects of stress on gastrointestinal function. LC/NE, locus ceruleus/norepi- 
nephrine-sympathetic system. Stimulation is represented by solid lines and inhibition by 
dashed lines. (Adapted from Tsigos and Chrousos.) 


quite likely, each of these cytokines might initiate a cascade of paracrine and 
autocrine events with sequential secretion of local mediators of inflammation by 
nonfenestrated endothelial cells, glial cells, and/or cytokinergic neurons, finally 
causing activation of CRH and AVP-secreting neurons. 

Some of the activating effects of inflammation on the HPA axis may be exerted 
indirectly, by stimulation of the central noradrenergic pathways by the inflamma- 
tory cytokines and other humoral mediators of inflammation.’ Also, activation of 
peripheral nociceptive, somatosensory, and visceral afferent fibers would lead to 
stimulation of both the LC/NE and PVN CRH neuronal systems via ascending 
spinal pathways. Interestingly, in chronic inflammatory states, where prolonged 
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FIGURE 4. Interactions between the stress and immune systems. LC/NE, locus 
ceruleus/norepinephrine-sympathetic system; SPGN, sympathetic postganglionic neurons; 
CRH, corticotropin releasing hormone; ACTH, corticotropin; PAF, platelet activating factor. 
Stimulation is represented by solid lines and inhibition by dashed lines. (Adapted from Tsigos 
and Chrousos.) 


central elevations of substance P may take place, an impairment of HPA axis 
responsiveness to stimuli or stress and a decrease in the CRH-to-AVP ratio are 
observed, probably because of the suppressive effect of substance P on the CRH 
neuron. Such changes have been observed in African trypanosomiasis, AIDS, and 
extensive burns in humans and in chronic animal models of inflammation.” 
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Other inflammatory mediators may also participate in the activation of the 
HPA axis, in addition to the three inflammatory cytokines. Thus, several 
eicosanoids, platelet activating factor (PAF), and epidermal growth factor show 
strong CRH-releasing properties.” It is not clear, however, which of the above 
effects are endocrine and which are autocrine or paracrine, with actions limited 
within the PVN. By no means are all signals from the immune system to the stress 
system stimulatory. Cytokines, such as TNFa, and growth factors, such as trans- 
forming growth factor B (TNF), have been shown to exert negative effects on the 
activity of the HPA axis. 


Effects of the Stress System on the Immune/Inflammatory Reaction 


Activation of the HPA axis has profound inhibitory effects on the inflamma- 
tory immune response, because virtually all the components of the immune 
response are inhibited by cortisol’ (Fic. 4). At the cellular level, alterations of 
leukocyte traffic and function, decreases in production of cytokines and media- 
tors of inflammation, and inhibition of the latter’s effects on target tissues are 
among the main antiinflammatory and immunosuppressive effects of glucocorti- 
coids. These effects are exerted at both the resting, basal state and during inflam- 
matory stress, when the circulating concentrations of glucocorticoids are elevated. 
Thus, a circadian activity of several immune functions has been demonstrated in 
reversed-phase synchrony with that of plasma glucocorticoid levels. 

A large infrastructure of anatomical, chemical, and molecular connections 
allows communication not only within but between the neuroendocrine and 
immune systems. The efferent sympathetic/adrenomedullary system apparently 
participates in a major fashion in the interactions of the HPA axis and 
immune/inflammatory stress by being reciprocally connected with the CRH sys- 
tem, by transmitting humoral and nervous signals to both primary and secondary 
lymphoid organs, and by reaching all sites of inflammation via the postganglionic 
sympathetic neurons. Thus, immune and immune accessory cells contain recep- 
tors for and respond to neurotransmitters, neuropeptides, and neurohormones 
secreted by postganglionic sympathetic neurons and/or the medulla. Of particu- 
lar relevance is the mast cell, which is activated by products of these neurons, such 
as CRH. This may explain the induction by acute stress of allergic conditions, such 
as asthma and eczema, or of functional vascular diseases, such as migraine 
headaches.” 

When activated during stress, the autonomic system also exerts systemic 
effects on immune organs humorally, by inducing secretion of IL-6 in the systemic 
circulation.* Despite its inherent inflammatory activity, IL-6, by causing glucocor- 
ticoid secretion and by directly suppressing the secretion of TNFa and IL-1, plays 
a major role in the overall, time-dependent control of inflammation. 

The combination of cortisol and catecholamine elevations during stress can 
influence the T-helper (Th) phenotype of an individual by inhibiting interleukin- 
12 and stimulating interleukin-10 secretion by macrophages.” A transient shift 
from cellular to humoral immune response predominance would be adaptive in 
an acute situation but malaptive chronically, since it would make an individual 
vulnerable to certain infectious agents or tumors that are defended against pri- 
marily via cellular immune responses. 
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STRESS SYSTEM—PATHOPHYSIOLOGY 


In theory, the dose-response curve between the responsiveness of the stress 
system and the potency of a stressor is represented by a sigmoidal curve, which 
would be expected to differ from individual to individual, with two major patho- 
logic groups at the two extremes’ (Fic. 5). Thus, one’s dose-response curve might 
be shifted to the left of that of a normally reactive individual, while another’s 
might be shifted to the right. The former denotes an excessive reaction, the latter 
a defective one. Similarly, the dose-response relation between one’s sense of well- 
being or performance ability and the activity of the stress system are represented 
by an inverted U-shaped curve that covers the range of the activity of the latter. 
Shifts either to the left or to the right of this range, would, respectively, result in 
hypoarousal or hyperarousal (anxiety) and a suboptimal sense of well being 
and/or diminished performance. 

Several of the multiple factors that determine the stress responses of individu- 
als are inherited, as quantitative genetics of human complex behaviors indicate. It 
has been estimated that about half to two-thirds of reliable variance in measured 
personality traits is due to genetic influences. Thus, genetic polymorphisms 
and/or clinically significant alterations in the expression of genes involved in the 
regulation of the stress system (FIG. 1), such as, for example, those of CRH, AVP, 
and their receptors and regulators, are expected to account for the observed vari- 
ability in the function of the stress system. A significant variance of the stress 
responses of individuals, however, is also environmental and this includes both 
early life and later life events with long-term or permanent effects.” The 
intrauterine period, infancy, childhood, and adolescence are periods of increased 
brain plasticity, thus, abnormal activation of the stress system during these critical 
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FIGURE 5. (Left) Dose-response curve between the potency of a stressor and the activity 
of the components of the stress system that are responsive to this stressor. If 1 is the nor- 
mal curve, 2 shows hyperactivity, and 3 represents hypoactivity. 

(Right) the inverse U-shaped relation between the activity of the stress system and the 
sense of well-being or quality of performance of an individual. Both excessive stress sys- 
tem activity, represented by curve 2, and diminished stress system activity, represented by 
curve 3, curtail the top of the inverse U-shaped curve, which represents the optimal activ- 
ity. (Adapted from Chrousos and Gold.) 
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periods may have profound effects on its function throughout the life of an indi- 
vidual, causing predisposition to pathologic states. 


Chronic Hyperactivation States 


Generally, the stress response with the resultant activation of the HPA axis and 
LC/NE system is meant to be acute or at least of a limited duration. The time-lim- 
ited nature of this process renders its accompanying antireproductive, antigrowth, 
catabolic, and immunosuppressive effects temporarily beneficial rather than 
adversive. Chronicity of stress system activation, on the other hand, may lead to 
a pathologic syndromal state.? Because CRH coordinates behavioral, neuroen- 
docrine, autonomic, and immunologic adaptation during stressful situations, 
increased and prolonged production of CRH could explain the pathogenesis and 
all the manifestations of this syndrome, includings its psychiatric, neuroen- 
docrine, cardiovascular, metabolic, and immune components. Each of these man- 
ifestations could be ameliorated or accentuated by the genetic and constitutional 
make-up of the individual. 

The syndrome of adult melancholic depression represents a prototypic example 
of dysregulated activation of the generalized stress response, leading to dysphoric 
hyperarousal, chronic activation of the HPA axis and LC/NE system and relative 
immunosuppression”” (TABLE 1). Indeed, cortisol excretion is increased and 
plasma ACTH response to exogenous CRH is decreased”; also, CSF levels of CRH 
are elevated in these patients.” These findings suggest that in depression, there is 
hypersecretion of CRH, which may participate in the initiation and/or perpetua- 
tion of a vicious cycle. Recently, depressed patients were found on autopsy to have 
markedly increased numbers of PVN CRH and AVP neurons.” Also, in two more 
recent imaging studies, depressed patients were found to have marked hippocam- 
pal atrophy” and a small and hypofunctioning section of the medial frontal lobe® 
(Fic. 6). Whether any of these changes are genetically determined, environmentally 
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FIGURE 6. Central neurocircuitry in melancholic depression leading to a hyperactive stress 
system as it relates to the central neurocircuitry of the stress response. A hyperfunctioning 
amygdala, hypofunctioning hippocampus, and/or a hypofunctioning MCLS could predis- 
pose an individual to melancholic depression. MCLS=mesocorticolimbic system. 
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induced, or both is unclear at the present time. Yet, each and all of them could 
result in a hyperactive stress system and melancholic depression. 

Because of their chronically or recurrently hyperactive stress system overtime, 
patients with melancholic depression may develop several severe somatic sequel- 
lae, such as osteoporosis, varying degrees and patterns of metabolic syndrome X, 
and Th, immunosuppression (Fic. 2C). Thus, a study of the mineral bone density 
of young women with recurrent depression revealed the presence of significant 
osteoporosis.” Plasma osteocalcin concentrations and urinary pyrinidinium 
cross-links were suppressed, revealing “low turnover” osteoporosis, similar to the 
one we observe in patients with Cushing’s syndrome. 

Over the years, we have seen a fair number of patients with melancholic 
depression, hypercortisolism, and obesity referred to our center for ruling out the 
diagnosis of Cushing’s syndrome. We have devised a combined dexamethasone- 
ovine CRH test, which differentiates these patients with “pseudo-Cushing syn- 
drome” from patients with bona fide Cushing’s syndrome.” These patients have, in 
our opinion, depression-induced metabolic syndrome X, with some or all of its 
manifestations. In our hands, nondepressed obese subjects with or without man- 
ifestations of the metabolic syndrome X have normal cortisol production indices.” 

In addition to osteoporosis and metabolic syndrome X, patients with melan- 
cholic depression develop varying degress of atherosclerosis and hence cardio- 
vascular disease and Th, immunosuppression and hence certain infectious and 
neoplastic diseases. It is thus not surprising that these patients have a compro- 
mized life expectancy, which is courtailed by 15—20 years, after excluding suicides, 
the prevalence of which is increased in this group. 

In addition to melancholic depression, a spectrum of other conditions may be 
associated with increased and prolonged activation of the HPA axis”® (TABLE 2). 
These include anorexia nervosa and/or malnutrition, obsessive-compulsive disor- 
der, panic anxiety, excessive exercising, chronic active alcoholism, alcohol and nar- 
cotic withdrawal, poorly controlled diabetes mellitus type I and II, childhood 
sexual abuse, and hyperthyroidism. 

It is of interest that anorexia nervosa and malnutrition are characterized by 
increased levels of CSF NPY, which could provide an explanation for why the 
HPA axis in these subjects is activated, while the LC/NE system is characterized 
by marked hypoactivity.* Glucocorticoids, on the other hand, by stimulating NPY 
and by inhibiting the PVN CRH and the LC/NE systems, would produce the 
hyperphagia and obesity observed in Cushing’s syndrome. A defect in the leptin 
system, such as that of the Zucker rat, is associated with hypersecretion of NPY 
and glucocorticoids and a hypofunctional LC/NE system leading to profound 
obesity.” 

One area of recent interest relates to the association of chronic stress and gas- 
trointestinal (GJ) illness. In a study of patients with chronic GI pain, a high inci- 
dence of physically and sexually abused women was reported.” Sexually abused 
girls suffer from chronic activation of the HPA axis, as do patients with melan- 
cholic depression”. Thus, CRH hypersecretion could be the hidden link between 
the symptoms of chronic GI pain and other physical complaints and history of 
abuse.” Chronic activation of the HPA axis and/or the LC/NE system leading to 
chronic suppression of the arcuate nucleus POMC system may also explain the 
observed lower pain thresholds for visceral sensation in patients with functional 
GI disorders in whom glucocorticoid-induced suppression and tachyphylaxis of 
the opioid-peptide system may take place. 

Psychosocial dwarfism is a term describing severe childhood or adolescent 
short stature and/or delayed puberty due to emotional deprivation or abuse.” 
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TABLE 2. States Associated with Altered Hypothalamic—Pituitary—Adrenal Axis Activity 
and Altered Regulation or Dysregulation of Behavioral and/or Peripheral Adaptation’ 


Increased HPA Axis Decreased HPA Axis 

Chronic stress Adrenal insufficiency 
Melancholic depression Atypical/seasonal depression 
Anorexia nervosa Chronic fatigue syndrome 
Malnutrition Fibromyalgia 
Obsessive-compulsive disorder Hypothyroidism 

Panic disorder Nicotine withdrawal 

Excessive exercise (obligate athleticism) After stopping glucocorticoid therapy 
Chronic active alcoholism Postpartum period 

Alcohol and narcotic withdrawal After chronic stress 

Diabetes mellitus Rheumatoid arthritis 
Childhood sexual abuse Premenstrual tension syndrome 
Psychosocial short stature Climacteric depression 
“Functional” gastrointestinal disease 

Hyperthyroidism 


Cushing syndrome 
Pregnancy (last trimester) 


“Adapted from Chrousos and Gold.” 


Decreased GH secretion that is reversible after separation of the child from the 
responsible environment, is a characteristic finding in this condition, which is also 
associated with a variety of behavioral abnormalities, such as depression and pica 
and other bizarre eating behaviors. In addition to low GH secretion, these patients 
have a dysfunctional thyroid axis, resembling the “euthyroid sick” syndrome. 
Interestingly, we know very little about the HPA axis in children with this condi- 
tion, however, we suspect that at least its central component is chronically acti- 
vated, and this would explain all the other endocrine and growth abnormalities 
they have. 

Pregnancy in the third trimester is another condition characterized by hyper- 
cortisolism of a degree similar to that observed in severe depression, anorexia ner- 
vosa, and mild Cushing syndrome, the only known physiologic state in humans 
in which CRH circulates in plasma at levels high enough to cause activation of the 
HPA axis. Although circulating CRH, which is of placental origin, is bound with 
high affinity to CRH-binding protein, it appears that the circulating free fraction 
is sufficient to explain the observed escalating hypercortisolism when the concen- 
tration of CRH binding protein starts to gradually decrease in plasma after the 
35th week of pregnancy. 

The recent development of nonpeptidic CRH receptor antagonists that cross 
the blood-brain barrier and have very promising actions in preclinical studies in 
rats and monkeys, offer us a new major opportunity to intervene in states in 
which excessive CRH secretion appears to play a key pathophysiologic role” (Fic. 
7). Melancholic depression, anorexia nervosa, obsessive compulsive disorder and 
withdrawal from certain narcotic agents are only a few of the target diseases that 
will be evaluated in the near future. 


Chronic Hypoactivation States 


Hypoactivation of the stress system, rather than sustained activation, in which 
chronically reduced secretion of CRH may result in pathological hypoarousal, 
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characterizes another group of states’ (TABLE 2). Patients with atypical seasonal 
depression and chronic fatigue syndrome fall into this category.” ” In the depres- 
sive (winter) state of the former and in the period of fatigue in the latter, there is 
decreased activity of the HPA axis. Similarly, patients with fibromyalgia have 
decreased urinary free cortisol excretion and frequently complain of fatigue.* 
Hypothyroid patients also have clear evidence of CRH hyposecretion. 
Interestingly, one of the major manifestations of hypothyroidism is depression of 
the “atypical” type. 

Withdrawal from smoking has also been associated with decreased cortisol 
and. catecholamine secretion.* Decreased CRH secretion in the early period of 
nicotine abstinence could explain the hyperphagia, hypometabolism, and weight 
gain frequently observed in these patients. It is interesting that in Cushing syn- 
drome, the clinical picture of atypical depression, hyperphagia, and weight gain, 
as well as fatigue and anergia, is consistent with the suppression of the CRH neu- 
ron by the associated hypercortisolism.” The period after the cure of hypercorti- 
solism, the post-partum period, and periods following cessation of chronic stress 
are also associated with atypical depression, suppressed PVN CRH secretion and 
decreased HPA axis activity.” 

Theoretically, an excessive HPA axis response to inflammatory stimuli would 
mimic the stress or hypercortisolemic state and would lead to increased suscep- 
tibility of the individual to a host of infectious agents or tumors as a result of T- 
helper-1 suppression, but enhanced resistance to autoimmune/inflammatory 
diseases; in contrast, a defective HPA axis response to such stimuli would repro- 
duce the glucocorticoid-deficient state and would lead to relative resistance to 
infections and neoplastic diseases, but increased susceptibility to T-helper- 
1-mediated autoimmune/inflammatory diseases, such as Hashimoto thyroiditis 
or rheumatoid arthritis.’ 

Indeed, such properties were unraveled in an interesting pair of near-histo- 
compatible, highly inbred rat strains, the Fischer and Lewis rats, respectively, for 
their resistance or susceptibility to inflammatory disease.” There is now an 
increasing body of evidence that patients with rheumatoid arthritis have 
increased incidence of atypical depression, as well as a mild form of central 
hypocortisolism, as they have paradoxically normal 24-hour cortisol excretion and 
blunted adrenal responses to surgical stress.**’ Thus, dysfunction of the HPA axis 
may actually play a role in the development and/or perpetuation of autoimmune 
disease, rather than being an epiphenomenon. The same rationale may explain the 
high incidence of autoimmune disease in the period after cure of hypercortisolism 
and the postpartum period, as well as in glucocorticoid unreplaced or undere- 
placed adrenal insufficiency.” 
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